Introduction
Variations in the clinical course of chronic lymphocytic leukemia (CLL) are related in part to the ability of the tumor cells to respond to microenvironmental signals. 1 Aggressive CLL cells, marked by unmutated, rearranged heavy-chain variable genes, high CD38, ZAP-70 or CD49d expression and deletions in chromosomes 11 or 17, 2 respond more strongly to such signals than cells which show indolent clinical behavior. 1 While this observation has primarily been made in studies of B-cell receptor-signaling, 3 it is also true for other signals encountered by the CLL cells in the proliferation centers, where circulating cells originate, including chemokines, cytokines, toll-like receptor (TLR) agonists and extracellular calcium fluctuations. 1 Understanding how such responses are regulated is important, as it could provide insights into clinical behavior and lead to better treatment strategies for CLL.
Aberrant metabolism is a hallmark of cancer 4 and it can also affect signaling processes. For example, overactivity of a minor metabolic pathway, the hexosamine pathway, leads to impaired insulin signaling and type 2 diabetes. 5 The ratelimiting enzyme of this pathway is glutamine fructose-6-phosphate amidotransferase (GFAT) 6 which ultimately makes uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) (Figure 1a ), a nucleotide-sugar, used to glycosylate cell-surface lipids and proteins. 7 UDP-GlcNAc is also employed by O-linked N-acetylglucosamine (GlcNAc) transferase (OGT) to O-GlcNAcylate the serine and threonine residues on intracellular proteins, including components of kinase cascades. These modifications can be removed by the deglycosylating enzyme, O-GlcNAcase (OGase). 6 The experiments in this study were designed to explore the possibility that the hexosamine pathway might modulate intracellular signaling in CLL cells and affect disease pathobiology.
Materials and methods

Cells
Blood was obtained from consenting CLL patients (Table 1) with persistently increased clonal CD19 þ CD5 þ IgM lo cells 2 who were untreated for at least 3 months, and from normal donors, with approval from the Sunnybrook Review Board. Tonsils were obtained from the Alberta Children's Hospital with ethics approval.
Normal B and CLL cells were isolated as before 8 by negative selection with the Rosette Sep Human B cell enrichment cocktail (StemCell Technologies, Vancouver BC, Canada) and density centrifugation over Ficoll-Paque (Amersham Pharmacia Biotech AB, Uppsala, Sweden). This method yields percentages of CD19 þ and CD19 þ /CD5 þ cells of 498 and 496%, respectively. 8 Tonsillar B cells were obtained by using RosetteSep spiked with human red blood cells. 9 IgD þ (naive) and IgD À (germinal center and memory) cells were then isolated by incubating with biotinylated anti-IgD antibodies (Miltenyi Biotec Inc., Aubarn, CA, USA, cat. no. 120-094-554 for 30 min, followed by washing and incubation with streptavidin-coated microbeads (New England Biolabs, Ipswich, MA, USA, cat. no. S1420S). Cells were then washed twice and were selected three times with an EasySep magnet (Stemcell technologies). IgD 
Antibodies and reagents
Phycoerythrin-and FITC-labeled CD19, CD83 and tumor necrosis factor (TNF)a antibodies were purchased from Pharmingen (San Francisco, CA, USA). N-acetylglucosamine, uridine and phorbol dibutyrate were from Sigma (St Louis, MO, USA). The TACE inhibitor, TAPI, 10 was from Peptides International (Louisville, KY, USA). The TLR-7 agonist, 852A, 11 was from 3M Pharmaceuticals (St Paul, MN, USA). The OGT inhibitor, X1, Figure 1 Hexosamine pathway activity in chronic lymphocytic leukemia (CLL) cells. (a) Schema of the hexosamine pathway indicating relevant enzymes (for example, O-linked N-acetylglucosamine (GlcNAc) transferase (OGT), glutamine fructose-6-phosphate amidotransferase (GFAT)) and molecules (for example, OGT inhibitors). (b) Top: Lysates from three freshly isolated normal peripheral blood mononuclear cells (PBMCs) and five CLL samples were immunoblotted with RL2 antibodies and quantified by densitometry (RL2 index), as described in the materials and methods and shown above the blots. Bottom: Results with four additional CLL samples, another PBMC sample, purified circulating adult B cells and IgD þ and IgD À B cells from two normal tonsils are shown. Extracts were probed with RL2 and polyclonal antibodies against OGT and O-GlcNAcase (Ogase). Similar results were seen with three other tonsillar samples. (c) GFAT1 and GFAT2 isozyme expression were assessed by RT-PCR. An example of a gel is shown along with the transcript level relative to hypoxanthine-guanine phosphoribosyl transferase (HPRT). (d) Uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) levels in PBMCs (n ¼ 6) and CLL cells (n ¼ 19), were measured by HPLC and were generally higher in CLL cells than in normal cells (circled). (e) Protein extracts from freshly isolated CLL cells were passed through a Protein A column containing RL2 antibodies and immunoprecipitated proteins were identified with antibodies to the indicated proteins.
The hexosamine pathway in chronic lymphocytic leukemia Y Shi et al has been described previously. 12 Interleukin-2 (Novartis Pharmaceuticals Canada, Dorval, Quebec, Canada), interferona2b (Schering Canada, Pointe-Claire, Quebec, USA), and vincristine sulfate (Faulding Canada, Kirkland, Quebec, Canada) were purchased from the hospital pharmacy.
RL2 antibodies 13 were from AbCam (Cambridge, MA, USA). Antibodies against native and phosphorylated forms of Syk, Akt, c-Jun N-terminal kinases (JNK), extracellular signal-regulated kinases, , IkB and secondary horseradish peroxidase-conjugated anti-rabbit and anti-mouse antibodies were from Cell Signaling Technology (Beverly, MA, USA). Antibodies to p53 were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-c-myc and b-actin were purchased from Sigma. OGase and AL-28 antibodies that recognize OGT were raised as described previously.
14,15 Goat anti-human IgM Fc-specific antibodies were from Jackson ImmunoResearch Labs (West Grove, PA, USA).
Cell culture and activation
Purified CLL cells (1.5 Â 10 6 /ml) were cultured in AIM-V (GibcoBRL, Grand Island, NY, USA) plus 2-mercaptoethanol ((Sigma) (5 Â 10 À5 M) in 6-or 24-well plates (Becton-Dickinson Labware, Franklin Lake, NJ, USA) at 37 1C in 5% CO 2 . To increase O-GlcNAcylation, cells were cultured overnight with N-acetylglucosamine (20 mM) and uridine (5 mM). 16 Short-term activated B cell lines were prepared by activating normal B cells with interleukin-2 (100 U/ml) and Resiquimod (Cedarlane Laboratories, Burlington, ON, Canada) (0.5 mg/ml) in embryonic stem cell media 17 (D-MEM-F12, 15% Knockout Serum Replacement, 1% 100 Â Glutamax-I (all from Invitrogen, Carlsbad, CA, USA), 1% 100 Â MEM nonessential amino acids (Wisent, St Bruno, QUE, Canada), and 2-mercaptoethanol). Every 5 days, the cell density was reset to 5 Â 10 5 cells/ml, and the cells were reactivated. For the experiments in Supplementary Figure 1 , cells were rested for 2 days before activation with 852A, with or without overnight culture in glucosamine and uridine.
Immunophenotyping and detection of membrane TNFa (mTNFa) detection
These flow cytometric analyses were carried out as described previously.
8,10
Real-time-PCR RNA was prepared using the RNeasy mini kit (Qiagen, Valencia, CA, USA), and cDNA was synthesized from 2 mg of RNA using Superscript II reverse transcriptase (Invitrogen), according to the instructions of the manufacturer. GFAT1, GFAT2 and hypoxanthine-guanine phosphoribosyl transferase transcripts were amplified with the following primers:
0 . Polymerase chain reactions were carried out in a DNA engine Opticon System (MJ Research, Waltham, MA, USA) and cycled 34 times after initial denaturation (95 1C, 15 min) with the following parameters: denaturation at 94 1C for 20 s, annealing of primers at 58 1C (GFAT1,2) or at 52 1C hypoxanthine-guanine phosphoribosyl transferase for 20 s, and extension at 72 1C for 20 s. The abundance of GFAT 1 and GFAT 2 mRNA were evaluated by a standard amplification curve, which was set on the basis of analyzing the relationship between the starting copy number and the number of cycles. Copy numbers were determined from two independent cDNA preparations for each sample. One cDNA was the target gene while hypoxanthine-guanine phosphoribosyl transferase was used as the internal standard. The final result was expressed as the relative fold change of the target gene to hypoxanthineguanine phosphoribosyl transferase.
UDP-GlcNAc measurements
Nucleotide sugars were extracted from CLL cells or normal PBMCs (with 0.3 M perchloric acid, followed by 1:4 v/v of trioctylamine and 1,1,2-trichlorotrifluoroethane, on ice), separated on a Partisil SAX anion exchange HPLC column (4.6 Â 250 mm; Whatman Inc., Piscataway, NJ, USA), and developed in 80 mM potassium phosphate, pH 2.8, 35% acetonitrile.
UDP-N-acetylhexosamines were quantified by UV adsorption at 254 nm, and reported relative to the absorbance of UDP-hexoses. 16 Reference standards for elution times of UDP-GlcNAc were from Sigma.
Immunoblotting and immunoprecipitation
Protein extracts from freshly isolated CLL-B cells, or following different in vitro treatments, were prepared in radioimmunoprecipitation assay buffer. For immunoprecipitation, 100 mg of total protein was incubated with RL2 antibody at 4 1C overnight, and then with UltraLink immobilized protein G (Pierce Chemical, Rockford, IL, USA) for 1 h. Lysate-antibody-agarose bead mixtures were washed four times with phosphate-buffered saline. Total protein extracts (50 mg) or immunoprecipitates (200 mg) were mixed with SDS-PAGE sample buffer (50 mM TrisHCl, pH 6.8, 2 mM EDTA, 10% glycerol, 2% sodium dodecyl sulfate, 2% 2-mercaptoethanol and 0.025% bromphenol blue), heated at 100 1C for 5 min and then run in an 8% SDS polyacrylamide mini gel. Proteins were then transferred to polyvinylidene fluoride membranes (Immobilion, Millipore, Bedford, MA, USA). After incubation with primary antibodies overnight, blots were incubated with anti-rabbit or -mouse horseradish peroxidase-conjugated secondary antibodies for 1 h. To confirm that binding was specific for O-GlcNAc moieties, RL2 antibodies were pre-incubated with 500 mM N-acetylglucosamine (GlcNAc), dissolved in tween-phosphate-buffered saline buffer, for 30 min at room temperature before immunoblotting. Signals were detected with Supersignal horseradish peroxidase-enhanced chemiluminescence reagent (Pierce), and the blots were exposed to Kodak Biomax MR film (Sigma). Western blot analyses for other antibodies were performed according to the manufacturer's protocols.
Determination of RL2 index
The total intensity of all RL2-staining bands on a gel was quantified using the GeneTools Analysis Software version 4.00 from Syngene Genius 2 Bioimager (Syngene Frederick, MD, USA) and normalized to the intensity of b-actin staining. To control for the experimental variations involved when comparing large numbers of samples on different blots, this number was normalized again to the results obtained with 50 mg of a reference standard from a single CLL patient (Patient 106), which was always run with each gel. To further control for experimental variation, three separate gels were run. The normalized RL2 densities for the reference standard of the second and third blots was divided by the normalized RL2 densities for the reference standard of the first blot, and used to multiply the normalized RL2 densities of the patient samples obtained on the respective gels. The average of the results from gel one and the weighted results of gels two and three was called the 'RL2 index'. In other words,
where n is the gel number, X n is the densitometry value of total RL2 staining relative to b-actin staining for an individual patient sample and P106 n is the densitometry value of total RL2 staining relative to b-actin staining for patient 106.
Statistical analysis
The Student's t-test was used to determine P-values for differences between sample means. Best-fit lines were determined by least-square regressions.
The
Results
Increased levels of O-GlcNAcylated proteins in CLL cells
As a measure of hexosamine pathway activity in CLL cells, protein extracts were immunoblotted with RL2 antibodies, which recognize O-GlcNAc moieties on proteins, such as nuclear porins and transcription factors. 13 Examples of five patient samples described in Table 1 are shown (Figure 1b, top  panel) . The 'RL2 index' was obtained by densitometry, as described in the materials and methods section, and used to convey the differences in O-GlcNAcylation between patient samples. Variations in band intensities were noted, but all CLL samples (more than (Figure 1b) .
Expression of a number of hexosamine pathway enzymes ( Figure 1a ) by CLL cells was determined, since O-GlcNAcylation reflects activity of this pathway. Consistent with the results obtained with RL2, OGT was expressed at higher levels in CLL cells than in normal circulating or tonsillar B cells (Figure 1b) . OGase was expressed by CLL cells and by IgD À tonsillar B cells, but was not present at very high levels in PBMCs, circulating B cells or naïve tonsillar B cells (Figure 1b) . Two GFAT isozymes have been described. 18 Antibodies to these proteins are not readily available, but GFAT1 mRNA was expressed by CLL cells at similar levels as normal PBMCs (Figure 1c) . GFAT2 was not expressed by CLL cells but was found in PBMCs, presumably from the monocyte component (Figure 1c) .
UDP-GlcNAc levels in CLL cells were measured by high performance liquid chromatography as OGT activity is thought to depend on the concentration of its substrates (Figure 1a) . 19 CLL cells were generally found to have higher intracellular levels of UDP-GlcNAc than the normal PBMCs (Figure 1d ). Taken together, increased UDP-GlcNAc, and OGT expression could help to account for higher O-GlcNAcylated protein levels in CLL cells.
OGT targets in CLL cells
More than 1000 proteins have been identified that are modified by O-GlcNAcylation, although consensus sequences are not yet available for in silico site mapping. 20 Some of these proteins, which were identified in other systems but are relevant to CLL, include OGT itself, 20 p53, 21 c-myc, 22 and Akt. 5 By immunoprecipitating RL-2-binding proteins from five different patient samples, and then immunoblotting with the specific antibodies, these proteins were also found to be O-GlcNAcylated in primary CLL cells (Figure 1e ). This finding was confirmed by first immunoprecipitating with the specific antibodies, and then immunoblotting with RL2 (not shown). To show that RL-2 antibodies bind O-GlcNAcylated residues, immunoblots were repeated in the presence of 0.5 M GlcNAc, as described in the materials and methods section, and reactive bands disappeared (not shown).
Immunoreceptor-mediated increases in O-GlcNAc levels in CLL cells
The results in Figure 1 suggested that the hexosamine pathway was activated in CLL cells. Activating signals that cause increased intracellular glucose levels classically lead to increased flux through the hexosamine pathway in non-hematopoietic cells. 6 Immunoreceptor ligands, such as antigens, cytokines and TLR-agonists, are thought to activate CLL cells in proliferation centers. 1 Accordingly, O-GlcNAcylated protein levels were measured after stimulating the CLL cells with IL-2 and a TLR-7/8 agonist 23 ( Figure 2a , left panel) or interferon-a2b (Figure 2a, right panel) , and were found to increase within 1 h. Such changes could potentially be caused by increased OGT activity or by decreased OGase activity (Figure 1 ). However, they were inhibited by X1 (Figure 2b ), which was identified as an OGT inhibitor in a small molecule library screen 12 and shown previously to prevent hypoxia-induced O-GlcNAcylation in cardiomyocytes, 24 suggesting that the immunoreceptormediated increases in O-GlcNAcylation in CLL cells were through OGT.
Effect of increased O-GlcNAcylation on signaling responses in CLL cells
Although acute stimulation with cytokines and TLR-agonists increased O-GlcNAcylated protein levels in CLL cells with relatively low baseline levels (Figure 2a) , we wanted to determine the effect of high baseline O-GlcNAc levels on subsequent signaling in CLL cells. To increase O-GlcNAcylated protein levels, cells were cultured in N-acetylglucosamine (GlcNAc) and uridine, which enters the hexosamine pathway downstream of GFAT (Figure 1a) , and increases both UDPGlcNAc and OGT activity. 16 To decrease O-GlcNAc levels, cells were cultured in the presence of X1 to prevent new O-GlcNAc moieties from being formed, while allowing time for preexisting modifications to be removed by OGase.
In adipocytes, O-GlcNAcylation inhibits the activity of Akt by interfering with phosphorylation, particularly at threonine 308. 5 To determine if Akt was regulated in a similar manner in CLL cells, fresh patient samples were cultured for 2 days in the presence of X1 (to decrease O-GlcNAc levels), or in GlcNAc and uridine. X1 decreased O-GlcNAc levels, as shown by RL2 staining, and resulted in higher expression of Akt T308 (Figure 2c , middle lanes). Conversely, GlcNAc and uridine increased RL2 levels, and significantly decreased the expression of phosphorylated Akt (Figure 2c , right lanes). Consistent with decreased Akt activity, CLL cells cultured in GlcNAc and uridine were smaller than cells cultured alone, as indicated by the forward scatter parameter of flow cytometry (Figure 2d ). X1-treated cells were also generally larger than untreated cells.
Signaling responses through TLR-7 were indicated by measuring cell surface expression of TNF-a by flow cytometry after 4 h of stimulation. 10, 25 GlcNAc and uridine increased O-GlcNAcylated protein levels in CLL cells, as shown by immunoblotting with RL2 (Figure 3a, right panel) , while TNF-a expression in response to 852A decreased (Figure 3a , compare the upper and lower dot-plots). When O-GlcNAc levels were decreased by X1 (Figure 3b, right panel) , TNF-a expression increased following stimulation with 852A (Figure 3b , compare the upper and lower dot-plots). These findings suggested that TLR-7-signaling strength was inversely proportional to intracellular O-GlcNAc levels.
JNK and IkB are normally phosphorylated after TLR-7 activation in CLL cells (Figure 3c) . 10 However, treatment with GlcNAc and uridine markedly impaired JNK phosphorylation (Figure 3c , top two panels), and altered phosphorylation kinetics of IkB (Figure 3c , third and fourth panels). Previously, a similar aberrant signaling profile was found to accompany the inability of CLL cells to make TNF-a in response to TLR-7 agonists. 10 The hexosamine pathway in chronic lymphocytic leukemia Y Shi et al
To determine if the inhibitory effect of hexosamine pathway loading on TLR-7-mediated JNK phosphorylation was unique to CLL cells, similar studies were carried out with normal B cells isolated directly from the blood, and also with short-term B cell lines, as CLL cells are considered to be the transformed counterparts of activated B cells. 26 In either of these states, phosphorylation of at least one JNK isoform was inhibited by an overnight culture with glucosamine and uridine (Supplementary Figure 1) . JNK and nuclear factor kappa B signaling pathways are also activated in CLL cells by the microtubule inhibitor, vincristine (Figure 4a) . 25 Phosphorylation of JNK in response to vincristine (Figure 4a, bottom panel) . B-cell receptor-signaling has an important role in the pathogenesis of CLL. 27 As readouts for B-cell receptor-signaling, phospho-Syk Y352 and -ERK T202/Y204 levels were measured, since they usually increase following B-cell receptor-crosslinking despite the anergic features of some CLL cells. 3 In contrast to their inhibitory effects on JNK activation by TLR-agonists and microtubule inhibitors (Figures 3c and 4a) , GlcNAc and uridine did not significantly affect extracellular signal-regulated kinase phosphorylation by B-cell receptor engagement, although background levels appeared to increase (Figure 4b , second and third panels). However, altered kinetics of Syk phosphorylation accompanied the increase in level of O-GlcNAcylated proteins (Figure 4b, top panel) .
Taken together, these results suggested that increased O-GlcNAcylation caused by metabolic loading had marked effects on subsets of signaling pathways in CLL cells. To determine if the natural variations in baseline O-GlcNAc The hexosamine pathway in chronic lymphocytic leukemia Y Shi et al protein levels in CLL cells (Figure 1b ) might similarly affect signaling processes, CD83 expression by freshly isolated CLL samples was measured by flow cytometry before, and 4 h after, activation with phorbol dibutyrate, an assay we have used previously to reflect protein kinase C signaling. 1 At the same time, protein extracts were prepared and frozen to allow subsequent determination of the baseline RL2 index. CLL samples with high baseline RL2 indices proved to be less responsive to protein kinase C agonists and vice versa (Figure 4c) . In all the cases, the responses of CLL cells to phorbol dibutyrate were weaker than normal B cells, which have intrinsically very low intracellular O-GlcNAcylation (Figure 1b ). Such differences in responsiveness to immunomodulators between normal B cells and CLL cells have been noted previously.
1,28
Correlation of O-GlcNAc levels with clinical parameters
To determine if the variations in O-GlcNAcylated protein levels, which were associated with differential responsiveness to phorbol dibutyrate (Figure 4c) , had any clinical significance, the RL2 indices of 41 consecutive patients presenting to the CLL clinic at Sunnybrook were related to a number of clinical parameters and conventional biological prognostic factors, including CD38, cytogenetic abnormalities, lymphocyte doubling times and need for treatment 2 ( Table 1 ). Note that ZAP-70 and mutation status of rearranged heavy-chain variable genes are not routinely measured at our institution. An association with clinical stage was not observed, although Rai stage IV patients tended to have lower RL2 indices (Figure 5a ). However, high levels of O-GlcNAcylation (that is, RL2 index41) were associated with significantly lower CD38 expression by CLL cells (Figure 5b) . Patients with higher RL2 indices (41) had much longer lymphocyte doubling times (36.1±5.8 months) compared with patients with RL2 indices o1 (8.2 ± 1.1 months) (Figure 5c ). Similarly, CLL cells from patients with high-risk cytogenetic abnormalities (that is, any of trisomy 12 or deletions of 11q22-23 or 17p13) (Figure 5e ), or disease severe enough to require therapeutic intervention (Figure 5d ) had significantly lower RL2 indices than patients with low-risk cytogenetics (that is, normal chromosomes or deletions at 13q14) or disease that The hexosamine pathway in chronic lymphocytic leukemia Y Shi et al did not require treatment. The outlier in Figure 5e is patient 73 with a 17p deletion who has had a benign clinical course (Table 1) despite this ominous prognostic factor. Serum b2M levels, which also reflect aggressive disease, were also higher in patients with RL2 indices o1 (3.43 ± 0.83 mg/l (n ¼ 12) compared with 1.98±0.21 mg/l (n ¼ 10) for patients with RL2 indices 41), but this difference was not statistically significant. Taken together, these observations suggest that higher OGlcNAc levels in CLL cells are associated with a favorable outcome, while lower levels are associated with more aggressive disease.
Discussion
The findings in this study suggest a role for the hexosamine pathway in the pathogenesis of CLL. Increased levels of O-GlcNAcylated proteins, including OGT, c-myc, p53 and Akt, are found in CLL cells (Figure 1 ), likely because of high expression of OGT and intracellular concentrations of UDPGlcNAc (Figures 1b and d) . Importantly, higher expression of O-GlcNAcylated proteins appears to be associated with an indolent clinical course, as evidenced by longer doubling times in vivo and absence of symptoms ( Figure 5 ). The reason for this apparent inverse relationship of total O-GlcNacylated protein levels with the clinical course is not clear. Given that subsets of signaling processes in CLL cells, particularly JNK-signaling (Figures 3c and 4a ), appear to be inhibited when O-GlcNAc levels are increased, it is possible that CLL cells with high levels of O-GlcNAcylated proteins are less responsive to activating signals in proliferation centers (Figure 4c ), resulting in a slower rate of cell division in vivo and prolonged lymphocyte doubling times. The mechanism by which O-GlcNAcylation is lowered in aggressive cells is also unclear. OGT and UDP-GlcNAc levels do not appear to distinguish between indolent and aggressive cells (Figure 1 ). Perhaps the changes reflect increased OGase activity 29 or a failure of OGT to associate with the signaling complexes in more aggressive cells. 30 This model is 'OGT-centric' and ignores the potential impact of increased hexosamine activity on glycosylation of proteins and sphingolipids in the golgi (Figure 1a) . Indeed, increased flux through the hexosamine pathway has been shown to alter the formation of signaling complexes at the cell surface, 7, 16 which could affect signal transduction in CLL cells. The relationship of golgi pathway modification and intracellular O-GlcNAcylation in CLL requires further study.
The large increase in OGT expression in CLL cells ( Figure 1b ) compared with normal cells raises the possibility that the OGT gene sequence, or structure may be modified as part of the leukemogenic process. OGT is found at chromosome Xq13, which is not commonly affected in CLL. Disruptions in this region have been reported, but they are too infrequent 31 to account for the essentially uniform overexpression of OGT in CLL samples (Figure 1 ). However, OGT is induced by cellular activation 32 and we suggest its presence in circulating CLL cells may reflect the stimulatory events that occur in a proliferation center.
Larger prospective studies are needed to properly address the possibility that O-GlcNAc levels could be an independent prognostic factor for high-risk CLL ( Figure 5 ). Rather than measuring the global O-GlcNAcylation, as done in this study, perhaps levels of individual O-GlcNAcylated signaling proteins, such as Akt, or possibly JNK, (Figures 2 and 3 ) may suffice to reveal the relevant activity of the hexosamine pathway in a patient's tumor cells. Such assays await the development of antibodies against O-GlcNAcylated forms of these proteins. Similarly, the therapeutic possibilities of manipulating O-GlcNAc levels in CLL cells may be worthy of further exploration. For example, administration of glucosamine analogs might possibly slow proliferation of CLL cells in vivo by inhibiting their responsiveness to microenvironmental signals.
